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How and when are we able to find
a glass phase in a microscopic model
of crystalline solids ?
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Structural glasses

melting

Kauzmann temperature

entropy

glass transition

thermodynamic 1st order transition
cideal “glass transition”

Phenomenological “glass transition” at Tg in a laboratory timescale.
Thermodynamic glass transition at TK ?



Emergent exponential # of energy minima, sensitive to quenching/cooling process.
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Once we have such landscape, a glass behavior is observed in a laboratory timescale.

exp ( (t/τ) )β



Emergent exponential # of energy minima, sensitive to heating/cooling process.
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Thermodynamic glass transition : E
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Break down of ergodicity

Energy barrier
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- Thermodynamically ergodic, but for laboratory timescale, it is frozen = “glass” : T < Tg

- Tg depends on cooling rate.
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Energy landscapes
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What do we want to know?

- Natural model exhibiting glass transitions.
- Glass transition? = Glassy behavior or thermodynamic glass transition (Tc>0)?

- Quantum glass? What spatial dimension ( d > 3 ) for glass transition?
Hotta-Ueda-Imada (2016~)

Jahn-Teller ice model

Jahn-Teller ice + Heisenberg spin model

Mitsumoto-Hotta-Yoshino
arXiv 2202.05513

PRL 124, 087201(2020)

model for pyrochlore magnets

Supercooled liquid “a good glass-former”

Thermodynamic glass transition
Mitsumoto-Hotta-Yoshino



disorder-free quenched disorder
d=3 Yes

Yes
No
Yes

Before our work in 2020.

- Previously, disorder-free lattice models (d<3) could not afford
true glass transition.

- Even with quenched disorder, exhausting effort to establish d=3 SG transition.

F &AF

Edwards Anderson (EA) model :
artificial model with ONLY random interactions.

Grand challenge for theorists



Gingras, et al (1997)

Y2Mo2O7

- NO quenched randomness.
- Geometrical frustration exists.

But not enough to freeze the spins.

Glasses in materials

canonical spin glass
thermodynamic glass transition Mo4+

pyrochlore magnet

eg
a1g

Mo4+

4d electron

S=1

Experimental update

2in-2out Mo-ion lattice displacements
“Ice rule” macroscopic degeneracy



nm scale charge cluster (X-ray)
cluster size unchanged at T<Tg at rapid cooling

0.5 charge / ET molecule

V’
V

V (Coulomb)

t = hopping

Kino-Seo-Hotta-Fukuyama(1990's)

Kagawa, et.al. (2013)

X=CsZn(SCN)4X=TlZn(SCN)4

Sasaki, Hashimoto, et.al.(2017)

Organic Solid θ-ET2X

Glasses in materials
Supercoold liquid



spin ice Jahn-Teller ice
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2-in-2-out has the lowest energy
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But this is not a glass.



Supercooled Jahn-Teller ice

a good glass-former

Mitsumoto Hotta Yoshino arXiv 2202.05513



How can we form a glass? or glassy states?

Saunders- Chalker(2007)

spin ice WITH quenched disorder

Shinaoka-Tomita-Motome (2011)

pyrpchlore :

= slow dynamics
spin ice + longer range interaction

= spin glass transition

Rau ,Gingras (2016)

Udagawa, Jaubert, Castelnovo, Moessner (2016)

Rau ,Gingras Nature Comm (2016)



Supercooled Jahn-Teller ice

Y2Mo2O7
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good glass-former



O2-

Mo
4+

Supercooled Jahn-Teller ice

Usually Jahn-Teller effect lowers the symmetry
of the crystal the same for all atoms.

crystal field symmetry

Mo4+

Here, however, Mo are highly correlated.Mo
4+

O2-

crystal field

Mo
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Mo
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Supercooled Jahn-Teller ice
Jahn-Teller energy gain

Mo
Mo

The JT energy of Mo depends on in/out of the surrounding six Mo ions.



next nearest 3rd nearestice

cooling
heating

2-in-2-out

3-in-1-out

ground state

ground state

thermodynamic
1st order transition

Monte Carlo simulation



Monte Carlo simulation

T

E

superheated crystal
supercooled liquid

auto correlation function

stretched exponential

Two-step relaxation
relaxation time diverges toward T=0

good glassformer



True glass transition
coupled “frustrated” degrees of freedom

Mitsumoto Hotta Yoshino PRL 124, 087201 (2020)



Thermodynamic glass transition

How can we drive “strong glass” or “frustrated” landscape into
a thermodynamic glass phase ?

Spins

Flat modes frustration

Heisenberg

~

(classical)

Lattice
displacements 2-in-2outs

coupling



lattice displacements
~ Jahn-Teller

uniform lattice + heisenberg spin spin-orbital(lattice) structural glass

Heisenberg spins (real spin)

Model with true glass transition



Classical Heisenberg spin

out-out
in-out
in-in

Mo-displacement (in/out)
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superexchange.

displacements

Microscopic description of Y2Mo2O7

- Mo-O-Mo angle will change the sign of superexchange interactions
because changes a lot.

O

Antiferro

Ferro



autocorrelation

Edwards-Anderson parameter

exponential decay

Re
ω

lowering

Fourier transform

Characterization of glass



Spins Lattices

simultaneous transition !

Monte Carlo simulation



Nonlinear susceptibility

Spins Lattices

Monte Carlo simulation

Nonlinear susceptibility



Summary

Y2Mo2O7 canonical spin glass : 20 years of diffucult problem

thermodynamic glass transition

How can we realize a true glass transition in a miscroscopic model of solids
without quenched randomness ?

Lattice : Jahn-Teller ice = good glass-former
+ spins

a true glass transition=
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